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ABSTRACT 

The Fa raday  rotation effect on satell i te signals has  been 

used to determine the electron content of the ionosphere a t  mid- 

latitudes. 

the ray  path has  been resolved by using the method of closely- 

space frequencies.  

The ambiguity in the total number of rotations along 

Observations of the total e lectron content of the ionosphere 

made over a five month period a r e  presented and compared with 

values obtained in s imi la r  experiments in previous years .  

zontal gradients a r e  discussed w i t h  sunr i se  effects being considered. 

Diurnal and day-to-day variations in content a r e  shown, and 

conclusions a r e  drawn associating variations in the magnitude 

and gradient of the total electron content with magnetic activity. 

Hori-  



I. INTRODUCTION 

1. The Ionosphere (20) 

The ionosphere is a region of the atmosphere,  extending f r o m  

about 60 k m  upwards in altitude, in which the constituent gases  a r e  

par  tially ionized. 

The production of f r e e  electrons and positive ions in the 

atmosphere is due to photoionization by ultraviolet and X-radiation 

f r o m  the sun. 

the production ra te  pe r  unit volume increases  because the gaseous 

density in increasing; - however, the radiation is absorbed in the 

production process  and a level  is reached below which the produc- 

tion ra te  decreases .  

A s  the radiation penetrates deeper  into the atmosphere,  

The principal l o s s  process  fo r  f r e e  e lectrons 

in dissociative recombination which is the recombination of a f r ee  

e lectron and an ionized molecule with subsequent dissociation of the 

molecule ~ 

2. Methods of Studying the Ionosphere 

The most  widely used method of studying the height distribu- 

tion of f r e e  e1ectror.s in the ionosphere has  been the pulse sounding 

method. This consis ts  of sending radio frequency pulses vertically 

f r o m  the ground into the icnosphere and measuring the delay t ime 

f o r  an echo to  re turn.  

frequency by an  instrument known a s  an ionosonde, and the resulting 

r eco rds  a r e  known a s  ionograms. 

taken place fo r  many years  at stations throughout the world; methods 

have been developed to  deduce electron density a s  a function of 

Delay time is measured  as a function of 

The recording of ionograms has  
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station is different each day. 

pass  t ime p recesses  through twenty-four hours ,  making observations 

of diurnal variations in electron content possible. 

variations in e lectron content can a l so  be observed, provided the 

active life of the satell i te is sufficiently long. 

Over a number of weeks the satell i te 

Seasonal 

A disadvantage in satellite total  e lectron content measure  - 
ments is that there  is no way of determining the distribution of 

electrons between the satell i te and the observer .  

4. Statement of the Problem 

The S - 6 6  I ~ n e s p h e r e  Beacon Satellite was specifically 

designed for  ionosphere research  by means of radio t ransmissions.  

It was launched on October 10,  1964 by the National Aeronautics and 

Space Administration. 

is in the field of view of the receiving station a t  University Pa rk ,  

Pennsylvania (40. $ON, 77. 9 W). 

Signals a r e  recorded whenever the satell i te 

0 

It is proposed that the method of Fa raday  rotation be used to  

calculate the total  columnar electron content between the station and 

the path of the satell i te using the 40 MHz and 41 MHz signals f r o m  

the S-66 satell i te.  

ionospheric parameter  that has been widely used in the past ,  it is 

ve ry  useful in interpreting other ionospheric data, it s e rves  as a 

check on the determinations of the electron density profile, and it is 

readi ly  cor re la ted  with other geophysical phenomena. 

Although total e lectron content is not an 

It is fur ther  proposed to compare the total electron content 

with resul ts  obtained f rom similar  experiments in previous years .  
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The horizontal gradient of the content will be examined and variations 

in  both the magnitude and the gradient of the electron content will be 

analyzed. 

with magnetic activity. 

An attempt will be made to associate these variations 
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IT. THEORY 

1. F i r s t - o r d e r  Theory of Faraday Rotation 

A l inear ly  polarized radio wave traveling through a homo- 

geneous ionized medium, such a s  the ionosphere, is equivalent to  two 

components , the ord inary  and extraordinary waves of the magneto- 

ionic theory,  which a r e  generally elliptically polarized with opposite 

s enses  of rotation and which t ravel  with different velocities. 

sufficiently high frequency (wave frequency >> collision, plasma,  

and gyromagnetic frequencies) and a direct ion of propagation which is 

nnt  ten rrearly normal  to the magnetic field,  these waves will be 

near ly  c i rcu lar ly  polarized. They a l so  have complex, anisotropic,  

re f rac t ive  indices, i. e. they are  absorbed as they propagate,  and 

f o r  neither charac te r i s t ic  wave do the wave-normal and r a y  directions 

coincide, Since the refract ive indices a r e  different,  i. e . ,  the two 

components have different  phase velocit ies,  the plane of polarization 

of the resul tant  wave field gradually rotates  a s  the wave p rogres ses  

through the ionosphere. 

pheric  Faraday  effect. 

F o r  a 

This phenomenon is known as the ionos- 

An expression fo r  the total number of rotations of the plane 

of polarization of the resultant wave will be derived. 

instantaneous e lec t r ic  vector  f o r  each component ro ta tes  through 

21-r radians f o r  each wavelength of phase path, the i r  incremental  

rotations a r e  given by 

Since the 

ds and d + e  =   IT x- 
0 e 

ds d + o  = 2 ~ r  
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where d+, = rotation of the ordinary wave 

d+e 

ds  = an increment  of path length 

X = wavelength corresponding to ordinary phase 

= rotation of the extraordinary wave 

0 

velocity 

X = wavelength corresponding to  extraordinary e 

phase velocity 

F i g u r e  1 shows the relation between d+o,  d+e ,  and ds2, 

the number of rotations (one rotation = TT radians) through which the 

plane of polarization rotates  as  the wave t rave ls  the distance ds. 

F r o m  this figure 

d + e  -t (dS2) TT = d+o  - (dS2) TT 

o r  Wo - we 
dS2 = 21T 

Substituting fo r  dQo and d+ yields e 

2~rds/A 0 - 2rds/Ae 
an = 2TT = ( t - k )  d s  . 

Using the relations A = v/f and v = c /n ,  X can  be expressed  in 

t e r m s  of index of refraction n, frequency f ,  and f r e e  space velocity 

c ;  this gives the expression 

Appleton and Har t r ee  (19) have shown that the expression 

f o r  the index of refraction of an  ionized med ium with a magnetic 
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RELATIONSHIP BETWEEN d+e, d+e AND da 

FIGURE I 
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field is 

where x = f$f2 

YL = fL / f  

YT = f T / f  

f 2  N = Ne2/4.rr2corn 

f = (Be/2rrm) cos 8 L 

f = (Be/Zrrm) s in  e T 

f = wave frequency 

v = frequency of collision of e lectrons with heavy 

particles 

N = number density of e lectrons 

e = the charge of an  electron 

m = m a s s  of an electron 

E = electr ic  permitt ivity of f r e e  space 

B = 

0 

induction of the imposed magnetic field 

8 = the angle between the magnet ic  field and 

the wave normal  

A l l  quantities a r e  in rationalized MKS units. 
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F o r  a wave frequency of 40 MHz which is much g rea t e r  than 

the collision frequency, the difference between the absorption 

indices of the two modes is much l e s s  than one s o  the previous 

equation can be reduced to 

Use will now be made of the QL (quasi-longitudinal) approx- 

imation. The condition fo r  this is that 

- y% << 11 - X I 2  
4.L 

Rewriting in t e r m s  of frequency 

I n -  \ '  ( f 2  - f & )  \E sin e tan e J  <C ( ZT f I *  
The QL inequality i s  a t  least  1: 10 for  a wave frequency of 

40 MHz provided 8 is not between 87' and 9 3 O .  In other words,  

except f o r  r ays  that a r e  within three degrees  of being perpendicular 

to tke geomagnetic field, the propagation is quasi-longitudinal. This  

means  tha t  the index of refraction assumes  the form 

At 40 MHz both X << 1 and 1 Y L  i << I so  that n m a y  be 
0 ,  E 
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w r it te n a ppr ox ima t e 1 y 

Thus 

Substituting this expression into equation (1) 

f f f i J  f L  Ne2Becos  8 do = - (XYL)ds = 
C (-+- = :( 4r2 E omf2 2 r m f  

- Ne2B cos 8 ds = e3 B c o s  8 N  d s  - 
8r3cc  m2 f 2  

0 
8r3cm2 E f 2  

0 

If we wish to find the total  number of rotations of the 

plane of polarization, 

common path P, we integrate to find 

assuming that the two modes follow a 

B c o s e N d s  

f 2  

JpB cos 8 N d s  

= 7.53 103 
e3 n =  

8 r 3 c c  m2 f 2  
0 

If it is assumed that the ionosphere does not va ry  horizontally 

and that the r a y  is straight,  it can  be wri t ten that 

d s  = dh sec  x , 
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where dh is a= element of height and x is the angle between the r a y  

and the vertical .  Then becomes 

n =  7* 5 3  lo' f s  NBcos  8 sec  x dh 
J 
0 

f 2  

where h 

known about the electron distribution so  that the mean ionosphere 

height is determined reasonably accurately.  Since B cos 8 sec  x 
is slowly varying, its value calculated at this height can replace 

the expression in the integral .  

is the upper ex t reme of one end of the path. Enough is 
s 

The equation then becomes 

f 2  J 
0 

Thus the plane of polarization of the wave undergoes a rotation 

which is direct ly  proportional to the integrated electron content. 

Since the initial polarization is not known and the plane of 

polarization is unaltered by the addition to C2 of n r  (n = 0 ,  1, 2,  . . . 
the total  angle of rotation cannot be found unambiguously using a 

single frequency at mid-latitudes. 

unambiguously determined] use m a y  be made  of the relation 

. 

In o r d e r  that this  total  angle be 

CY 1 / f  '. This technique involves the observation of slow fading on 

two closely- spaced frequencies. 

If there  is a difference of A 0  in the amounts of rotations of 

the two frequencies which a r e  separated by a small amount Af,  then 

C2 can be found in t e r m s  of An. 
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where the pr imes will denote the second frequency so that 

I I 

2. Application to Satellite Observations (2 ,9 ,  13) 

F o r  the determination of integrated electron content, t r a n s  - 
The satell i te is in missions f rom the S-66 satell i te a r e  being used. 

a near-polar orbi t  well above the F region of the ionosphere. 

Maximum Faraday  rotation will be obtained fo r  propagation directions 

that a r e  not too near ly  perpendicular to the ea r th ' s  magnetic field and 

fo r  frequencies that a r e  low (because of l / f 2  dependence) but 

sufficiently above the plasma frequency of the F layer .  

l a t te r  reason, frequencies of 40 MHz and 41 MHz a r e  t ransmit ted 

f r o m  the beacon satell i te.  

F o r  this  

When the satell i te is to the south, the rotation angle is 

relatively large since both cos 8 and sec  x a r e  large.  When the 

satell i te is at  the point of c loses t  approach, the rotation angle is 

found to  be smal le r ,  owing largely to  the reduction in sec  x . 
the satellite continues its t r ave l  to the north,  the rotation angle 

still continues to decrease  because the reduction of cos  8 m o r e  than 

offsets the increase in sec  x. If the r a y  path could become t r ans -  

verse  to  the magnetic field, the total  rotation angle would be reduced 

to a s m a l l  fraction of the overhead value which to  a first  approxima- 

tion m a y  be equated to zero.  

A s  

The locus of points where  this 
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theoretically takes place is below the radio horizon, and f r o m  one of 

these points we have effectively counted the number of Faraday  

rotations of the received signal as the satell i te moves through this 

point to any point on the trajectory.  F r o m  this number of rotations 

the electron content of that  par t  of the ionosphere between observer  

and satell i te is calculated for various points along the t ra jec tory  and 

hence tne variation of the electron content along a s l ice  of the 

ionosphere can be determined. 

Going back to equaticn (2 ) ,  i f  41 MHz is inser ted for  the wave 

frequency the expression becomes 

n = 4.48 x B COS e s e c x  ts N d h  ~ 

J 
0 

In t e r m s  of electron content, this  can  be written as 

(41 
!2 

B COS 8 see x 
Ndh = 2.  23 x 10'' 

0 

Now use  must  be made of equation ( 3 )  to get !2 in t e r m s  of 

AS2. 

t e r m s  to the 41 MHz signal, !2 = 19. 75 An 

Letting the pr ime terms refer to 40 MHz and the unprimed 

3 .  Second-Order Theorv 622) 

The Fa raday  effect equations have been extended to include 

second-arder  effects.  

propagation and second-order theory concerns the following 

depar tures  f r o m  this: 

F i r s t -o rde r  theory is based on s t ra ight  line 
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(1) The non-uniform distribution of ionization causes  

the various r ays  to be refracted and follow different 

paths between source and receiver .  

( 2 )  Since the medium is anisotropic, the wave normal  

and r ay  fo r  a par t icular  mode of propagation a r e  not 

coincident in direction. 

(3 )  The refract ive index is non-linear in e lectr ic  

density and magnetic field intensity. 

The second-order polarization rotation angle was derived a s  

where 

S2 = second-order polarization rotation angle 

L? = f i r s t -o rde r  polarization rotation angle a s  

previously defined 

h 

Ndh 4. 91 x lo-"  Jo Ndh 

h '  
- - - e 2  

h '  x =  
E m4.rr2f2 
0 

h 

Ndh 4. 91 x lo-"  Jo Ndh 

h '  
- - - e 2  

h '  x =  
E m4.rr2f2 
0 

h '  = hs + Ro(l  - COS C2) 

R = radius of the ea r th  
0 

C2 = cent ra l  angle between station and satell i te - 
X2 

r2 P = - = a measu re  of the non-uniformity of the 

ionization distribution over  the height of 

integration to the satel l i te  
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G = a geometr ical  parameter  involving the direction 

of s t ra ight  line propagation, the magnetic field, 

and the ver t ical  at the ionosphere point nea r  which 

the bulk of ionization l ies  

When applying the theory to  close-spaced frequency polariza- 

tion rotation dispersion, the second-order correct ion is found to be 

twice a s  grea t  as that fo r  the polarization rotation itself, for  

instead of dQ = 

value of Q m u s  

-2Qdflf  as in f i r s t -order  theory. 

then be adjusted to  a cor rec ted  v 

The measured 

.lue which is done 

by multiplying it by (1 - P 

t5en used in the f i r s t -order  equations previously derived, 

- 1 p - 1) G T ) *  This new value of Q is 
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111. INSTRUMENTATION 

1. Satellite 

The S-66 Ionospheric Beacon Satellite provides a means for  

obtaining Faraday rotation and differential Doppler ionospheric 

measurements  on a l l  par t s  of the globe over an extended period of 

t ime. 

The orbi t  i s  a lmost  polar and c i r cu la r  to  obtain worldwide 

coverage and simplify interpretation of the measurements ,  respec-  

tively, The satell i te beacon is nominally at 1000 K m  altitude s o  that 

i t  is above the major  portion of the ionosphere's  e lectron content. 

Initial orbit  propert ies  were: 

Anomalistic period 104. 76 minutes 

Inclination 79. 61 degrees  

Per igee  880 K m  

Apogee 1080 K m  

There a r e  four t r ansmi t t e r s  operating continuously a t  

20 MHz, 40 MHz, 41 MHz and 360 MHz; the first th ree  have a 

nominal power of 250 mw while the 360 MHz signal has  a radiated 

power of 100 mw. 

The satell i te radiates  l inear  polarization f r o m  dipoles 

normal  to its axis.  The axis is magnetically oriented along the 

local magnetic field at the orbi t  height; therefore ,  at mid-lati tudes 

i t  is seen  f rom one end only. 

mechanically to  a ra te  designed to  be l e s s  than 0. 02  rotations per  

minute. 

The spin about the axis is damped 
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The satell i te period and the precession of the orbi t  plane 

a r e  such that a lmost  fourteen complete orbits occur  in one day. 

the first orbi t  is direct ly  over  the receiving station, the fifteenth 

will pass  approximately one day and twenty-seven minutes l a t e r  and 

8 , 9 4  degrees  fur ther  west in longitude. Consecutive orbi ts  c r o s s  

the station latitude separated by 104. 76 minutes in t ime and 26. 35 

in longitude. 

If 

0 

Only satell i te passes  which c r o s s  the receiving station 

latitude within 25 degrees  east or west of the receiving station 

longitude, a r e  recorded. Therefore, the precession of satell i te 

p a s s  t ime is such that observations a r e  made twenty-seven minutes 

l a t e r  each day for  two days; on the third day another satell i te pass  

is  observed seventy-eight minutes ea r l i e r .  

of t ime of satell i te pas ses  is backward through t ime of day, an 

average of eight minutes pe r  day. 

t ime of a satell i te pass  precesses  backward through twenty-four 

hours  

Thus, the overal l  t rend  

During a s i x  month period, the 

U suaPly two cons eeutive north- going pas s e s we r e  observed, 

and eleven hours  la te r  two consecutive south-going passes  each day. 

2 ,  Receiving and Analysis Equipment 

The block diagram of the receiving and analysis equipment 

Used for Faraday  rotation a r e  the 20 MHz, is shown in F igure  2. 

40  MHz, and 41 MHz signals received on fixed l inear ly  polarized 

dipole antennas and recorded on magnetic tape, together with the 

s tandard time. When the tapes a r e  played back, the signals a r e  
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f i l tered and er,velope detected and recorded on a multichannel 

Sanborn cha r t  r eco rde r  a s  shown in F igure  3 .  
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IV. METHOD O F  ANALYSIS 

1. Counting of Rotations 

The sample recording of part of a pass  in Figure 3 contains 

the WWV t race  showing the Eas te rn  Standard Time eve ry  second. 

The reading accuracy is limited by the sharpness  of the nulls of 

the 40 MHz and 41 MHz signals whose t imes  must  be read. 

Each successive null to the south represents  one more  

rotation of the plane of polarization of the propagated signal 

since the satell i te passed through the theoretical  t r ansve r se  

point which is below the radio horizon to  the north; it is not ki~cwr, 

how many rotations have been made before the northernmost  null 

recorded,  Use must  be made of the previously stated relationship 

52 = 19.75 A Q  

t o  solve this problem which is now reduced to finding the fractional 

difference of rotation between the 40 MHz and 41 MHz nulls. This 

can  be done by l inear interpolation to  the 41 MHz null, assuming a 

constant ra te  of rotation between the adjacent 40 MHz nulls. 

procedure has  been simplified by using an expanding scale  and 

reading the fraction directly.  

The 

In many cases the assumption of a l inear  ra te  of rotation 

between adjacent pa i r s  of nulls proved to  be erroneous and yielded 

misleading resu l t s ;  this necessitated al ter ing the method of counting 

the rotations. 

determine where,  in fact, the 40 MHz rotation is essentially l inear .  

By observing the 20 MHz nulls, it is possible to  



- 22 - 

F o r  each p a s s  then, a pair  of 40 MHz nulls is carefully chosen with 

r ega rd  to  the aforementioned linearity. The fractional and then the 

total rotation is  calculated for  the bracketed 41 MHz null. 

41 MHz null to  the south of this null, one rotation is added 

successively; for  each to the north, one is subtracted successively.  

The t ime is  read  a t  each 41 MHz null, thus giving a t ime and a value 

of G? fcs each null. 

F o r  each 

2 ,  Resolution of Ambiguities 

Unlike fractional differences,  an integral  difference of 

rotation cannot be measured  directly.  In other words,  there  is 

ambiguity in;olved a3 to  whether to any measu red  fractional 

difference on integer should be added. 

Several  methods a r e  used to resolve this ambiguity, 

of all ,  the chosen null i s  picked a s  far to the north as possible,  

st i l l  observing the l inearity previously discussed;  the fract ional  

rotation is generally less than unity a reasonable distance north of 

the station. Also by Booking at  the ent i re  t r ace ,  it can sometimes 

be determined whether the fractional rotation i s  g rea t e r  than one, 

since AS2 must always be g rea t e r  than zero.  

be compared for the different possibil i t ies,  and general ly  only one 

will give reasondbk resu l t s  f o r  e lectron content, especial ly  w i t h  

regard  to rnagnihde) gradient,  and t ime of day. All of these checks 

will combine to resoiv-e the ambiguity in vir tual ly  all instances.  

First 

Lastly,  the resu l t s  can 

Another problem which a r i s e s  is the detection of a r e v e r s a l  

of the sense  of rotation. This takes place r a r e l y  and briefly and 
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only when there  is a comparatively large variation in ionization over 

a small interval.  Thus for  a southgoing pass ,  a sudden decrease  in 

e lectron content m a y  cause the plane of polarization to stop and 

r eve r se  i ts  direction for  a short  while. F r o m  the 41 MHz signal 

alone there  is no su re  way to determine when this happens. Usually 

a r e v e r s a l  can be recognized when there  is a change in the pat tern of 

the two se t s  of nulls a t  40 MHz and 41 MHz. The 20 MHz nulls a r e  

then used to determine when the rotation reversed  and then where it 

re turned to i ts  original sense.  

a constant ratio of nulls f r o m  the 20 MHz signal to the others  of 

This is possible to do since there  is 

approximately four-to-one, Subsequent nulls mus t  then be adjusted 

to  their  proper numerical  value. 

3 .  Calculation of Results 

It has  been shown that the observed data yield the number 

of polarization rotations a t  different t imes.  The orbi ta l  data supplied 

by NASA give the latitude, longitude, and height of the satell i te every  

minute , and since the satell i te t rave ls  at approximately constant 

speed, l inear  interpolation is used to  find the location at the t ime 

of each null. 

The next step is to  find B cos 6 sec  at each of these 

locations. This is a l so  done with sufficient accuracy  by l inear  

interpolation of values which have been pre-computed at integral  

lati tudes in satell i te position from 22N-60N9 integral  longitudes 

f r o m  5OW-l03W, and 100 Km intervals of satell i te height. The 

values of G a r e  found in a s imilar  manner by interpolation of a 
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pre  -computed grid. 

At this point, the f i r s t -o rde r  value of 1 Ndh is found 

using equation (4). An ellipsoidal ear th  is assumed in converting 

satell i te position to ionosphere position a t  the mean ionosphere 

height that has  been used. 

It is then a simple mat te r  to calculate and then with values 

of G and P (which is  assumed to be 2 . 5  based on electron density 

profiles) determine the second-order e lectron content fo r  a m e t e r  

square column extending vertically f r o m  the ear th  through the 

ionosphere up to the satell i te height. 

Most of the calculations were done on the IBM 7074 digital 

computer at The Pennsylvania State University. 

4. E r r o r s  

The second-order theory has  eliminated most  of the sys tem-  

atic e r r o r s  encountered when making simplifying approximations. 

ln the extreme northern par t  of the pass ,  the second o r d e r  content 

will be a s  much as  5% higher than first o r d e r .  This difference 

gradually diminishes and becomes ze ro  sl.ightly north of the station 

a t  about 43'N. Fur the r  south, the second o r d e r  content gradually 

becomes lower than the f i r s t  o rde r  value, with a s  much a s  a 570 

difference at the ex t reme southern end. 

A s  stated before,  much c a r e  was taken in determining 

where to calculate the fract ional  difference of rotation. F o r  the m o s t  

par t ,  any e r r o r  incurred h e r e  will vir tual ly  d isappear  except in  the 

northern end of the pass  where the number of rotations a r e  ve ry  
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small. 

non-linearity between the 20 MHz nulls which enclose the chosen 

41 MHz null, o r  i f  this null cannot be read  accurately.  

a point in the north instead of the south to determine the rotation, 

Even then, this e r r o r  will be  substantial  only when there  is 

By choosing 

the percent e r r o r  would remain  the same,  but the actual number of 

rotations in e r r o r  would be significantly l e s s .  This actual rotation 

is the important thing since the rotations a t  all other nulls would 

contain the same e r r o r .  Nevertheless,  a one-tenth second difference 

in the t ime of the null can result  in a s  much as a 1% e r r o r  in AS2 

during the day. F o r  this i+casOii, a null  which cannot be read  this 

closely should not be considered then. The allowable tolerance will 

increase  with the t ime between nulls. 

An e r r o r  could be caused by rotation of the plane of polariza- 

tion due to the spinning of the satellite about its magnetic axis ;  

however, in the original specifications published, the satell i te is 

said to  spin l e s s  than 0. 02 revolutions every minute, which is 

negligible compared with the measured polarization rotation r a t e s .  

Another source of e r r o r  is in the scaling process ;  i. e. the 

Most nulls a r e  of reading of the t imes of the observed nulls. 

sufiictent sharpness  to be read to  the neares t  tenth of a second; 

however, there  a r e  a few others in  which the uncertainty is as much 

as a ful l  second, most  of these being a t  night when the rotation ra te  

is slow. 

displacement of l e s s  than 0 .06  

longitude and height displacements being negligible. 

in  a change of l e s s  than 0. 25% in B cos Bsec x 

A t ime displacement of one second will resu l t  in a distance 

0 latitude fo r  the satell i te with the 

This will resu l t  

which is very  small 
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considering the accuracy  of this te rm.  

In the calculations the mean  ionosphere height was assumed 

to  be 250 km based on a study of electron density profiles.  

of 300 k m  would have been c loser  to  the t rue value a t  night but the 

daytime results will be of m o r e  use fo r  this  report ,  s o  the lower 

value was chosen. 

heights is shown in F igure  4. The difference in the content calcula- 

tions is grea te r  as the satell i te is fur ther  to the north of the station. 

Also, being fur ther  to  the west will increase the difference to a s  

much a s  15% ~ 

part icular  null will be f o r  different me te r  square columns in the 

ionosphere fo r  each of the heights. 

differences is best  shown in the curves.  

A height 

A comparison in  the resu l t s  using the two 

It should be noted that the content calculation f o r  a 

The effect of both of these 

(In this and a l l  other plots of e lectron content ve r sus  

latitude the six digit number a t  the end of each curve will signify 

the date. 

the month; and the l a s t  two, the day. 

approximate Eas te rn  Standard Time the satel l i te  was travell ing 

a c r o s s  the station latitude. ) 

The f i r s t  two digits represent  the year ;  the second two, 

The four digit number is the 
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V. RESULTS 

Total e lectron content has  been calculated for  285 passes  of 

the S-66 satellite observed a t  University Pa rk ,  Pennsylvania 

(40. 8'N, 77. 9OW) between October 24, 1964 and March 16, 1965. 

During this five month span both the northgoing and southgoing 

passes  precessed 20 hours  thus yielding resul ts  during two different 

months f o r  most  periods of the day o r  night. 

An analysis of these resu l t s  with regard  to magnitudes, 

gradients,  and variations of the electron content is found in 

subsequent sections. An overhead value of the electron content of 

the ionosphere has  been determined f r o m  each pass  and will be 

found in the Appendix. 

The observed daily values of the s o l a r  flux a t  2800 MHz, 

S ,  varied f r o m  69. 9 to 85. 6 x 

of S is an indication of the intensity of the so la r  radiation which is 

a source of electron production. These values of S a r e  relatively 

smal l  s o  that the total  electron content is expected to be small 

compared t o  what it is during a period of high so lar  activity. 

Fur thermore ,  the changes in S were  always less than 5% f r o m  one 

day to the next. 

wa t t s /mZ/Hz .  The magnitude 

1. Diurnal Variation 

The total e lectron content for  southgoing and northgoing 

passes  has  been plotted in F igure  5A and 5B respect ively with 

local t ime as  the abscissae.  The content at 41°N was chosen, 

regard less  of any horizontal  gradient. The midday period f o r  the 
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southgoing passes  was in  November, 1964, while that  fo r  the north- 

going was in February ,  1965. 

- 

A s  expected there  s e e m s  to be a steady average increase  in 

total  electron content f r o m  about sunr i se  through the day to mid- 

afternoon. 

minimum is between 5 and 10 to  1 which confirms previous resul ts .  

(14’ 16’ 

a little la te r  in the day in November than in February .  

Also the rat io  of daytime maximum to nighttime 

The maximum values of the electron content s e e m  to occur 

In Table 1 these resu l t s  a r e  compared to  those of other 

yea r s  extending f r o m  the las t  sunspot maximum. 

is tabulated as a measu re  of solar  activity. 

table that during the years  of low so lar  activity, a slight increase 

in S corresponds to  a small increase in the electron content. 

the periods of high so lar  activity when S has  increased  by a factor 

of about th ree ,  the content increases  by about a factor of about six. 

The exact relationship between total  content and the so l a r  flux index 

is not c l ea r  f r o m  this table because the data is grouped to e i ther  end 

of the range. It does seem as though S is a more  accura te  indicator 

of e lectron content during periods of low so lar  activity. 

The so la r  index S 

It is apparent f r o m  the 

During 

2.  Seasonal Variation 

Since the data being used cover a span f r o m  October to 

March,  it is unlikely that any strong seasonal  effect will be 

noticed. 

the midday values during February  a r e  approximately 5% to 10% 

higher than those in November. 

Nevertheless,  it is seen f r o m  the two diurnal curves  that 

It is a l so  noticed that during 
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YEAR 

1958 

1959 

1961 

1963 

1964 

YEAR 

1959 

1959 

1962 

1963 

1965 

E L E C T R O N  
LATITUDE AUTHOR CONTENT 

37.4ON G a r r i o t t  (1 3) 7 1017/m2 

40.8'N Hibberd (14) 1 .5  1 0 ~ ~ 1 ~ 2  

43. OoN L y o n  (1 6) 1 . 3  1017/m2 

40.8ON Solomon 0 .95  1017/m2 

40. OoN 7 . 5  x 1017 /m2 

E L E C T R O N  CONTENT IN NOVEMBER 

T A B L E  1A 

E L E C T R O N  
LATITUDE AUTHOR CONTENT 

37.4ON G a r  r i o t t  (13) 7 1017/m2 

40.8'N Hibberd (14) 1 . 5  1ol7/m2 

43. OoN L y o n  (16) 1 . 3  1 0 ~ ~ / 1 7 1 ~  

40.8ON Solomon 1 . 0 5  1017/m2 

40.8ON R o s s  (21) 6 x 1017/m2 

S - 

250 

225 

90 

80 

73 

S 

200 

200 

100 

8 0  

75 

- 

E L E C T R O N  C O N T E N T  IN F E B R U A R Y  

T A B L E  1 B  
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November the values lie much closer to the curve with not near ly  as 

much scattering as there  is in February.  

3 .  Gradients 

Gradients will be measured by normalizing the average slope 

of an ent i re  pass.  In other words, the change in e lectron content 

pe r  degree will be divided by the mean content fo r  each pass s o  that 

the units of the gradient will be inverse degrees .  This method will 

give the best  bas i s  for  comparison among gradients f rom different 

pas se  s ~ 

The path of the satellite makes a 10.4O eastward angle with 

the meridian.  

the ionosphere f r o m  one end of the path to  the other ( l o o  of latitude) 

which is equivalent to a thirteen minute difference in local t ime. 

This resu l t s  in  a 3 degree longitudinal difference in 

Also, the satell.ite takes nine minutes to  t r ave l  this path so  that the 

electron content of the ionosphere at the ends of the pass  is measured  

with a twenty-two minute difference in local time. This is much 

m o r e  important near  sunrise  when there  is a la rge  diurnal variation 

than a t  midday when a state of equilibrium between electron 

production and electron loss  i s  near ly  reached. The effect of this 

west-east  gradient af ter  sunrise will be discussed in the next 

section. 

A study of a l l  passes  between 1800 in the evening and 0700 

the following morning reveals  that a t  these t imes  there  is generally 

a north-south gradient (content increases  to  the south)  averaging 0. 1; 

a few representat ive nighttime gradients a r e  shown in Figure 6A. 
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In fac t  only a sma l l  number of passes  between these t imes  have 

virtually no gradient, and only three of them have S-n gradients.  

These three gradients a r e  all ra ther  small and exis t  only f r o m  the 

station northward. There is no obvious pattern to the magnitude of 

these gradients;  they s e e m  to be entirely unrelated to the values of 

the previous day. 

The average value for  daytime gradients between 1000 and 

1800 is 0.  01 which is ten t imes  smal le r  than the nighttime value. 

The first group f rom the middle of October to  the middle of December 

contains small gradients in either direction. Late afternoon passes  

a r e  level for  the most  par t  with a few having a s -n  gradient f r o m  

the station northward. 

a r e  shown in Figure 6B. Their values of 0 .022  and 0 .045  a r e  not 

near ly  as high a s  nighttime values only because the mean  value of 

e lectron content is s o  much higher. 

n - s  fo r  the most  par t  but it is not very  large.  

Two steep gradients f rom November pas ses  

Around noon the gradient is 

The northgoing passes  a r e  for  t imes  between 1000 and 1800 

f r o m  the middle of January to the middle of March. 

a lmost  the s a m e  pattern as the southgoing passes  with small 

gradients in the la te  afternoon, most ly  n-s and two spectacular 

deviations in Februa ry  s imilar  to  those in November. 

gradients gradually become predominantly n- s with an  unexplained 

exception once in a while. 

f r o m  the station northward. 

These follow 

The 

A s  before,  these exceptions a r e  generally 

A l l  satell i te passes  between 0700 and 1000 in the morning 
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have apparent n-s  gradients,  the average of the measured  values 

being 0. 058. This is about half the nighttime value, but only 

because of the higher magnitudes of electron content. 

for  these gradients being much higher than the midday values will 

be seen in the following section. 

The reasons  

The observations of nighttime gradients a r e  in strong ag ree -  

ment  with Butler(7P who has  indicated a s h a r p  increase in ionization 

toward the south during a l l  seasons.  

an average of ze ro  fo r  the fall  and a slight s -n  gradient fo r  the 

winter,  These resu l t s  yield slight n-s  gradients in November and 

February.  

F o r  midday gradients he gets 

One probable reason f o r  the difference is that these data 

cover a l a rge r  geographical area.  

gradient f r o m  the station northward which is overshadowed by n-s  

gradients f r o m  the station southward. Thus, while the overal l  

gradient is n-s  ~ a ridge of electron content may  very well exis t  to  

the north of the station. Curves of this nature a r e  shown in F igure  

7 8 ,  

In many cases  there  is a s -n  

Over the ent i re  five months of pas ses ,  it is observed that 

many of the electron content vs. latitude curves seem to reach a 

local  min imum jus t  t o  the south of the station a s  in F igure  7A. 

plot of these minimum points in F igure  7B shows that they a r e  a l l  

located within two degrees  latitude of the line drawn. 

r i s e  to the possibility that there is a trough to the south of the 

station. 

The 

This gives 
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4. Sunrise Effects 

In the morning f r o m  0700 to 1000, the slope 

curve is 0.00285 x 10" electrons pe r  minute which 

of 0.063 x l O I 7  electrons f o r  twenty-two minutes o r  

of the diurnal 

is a difference 

ten degrees  of 

ionosphere latitude. In other words,  fo r  the period immediately 

following sunrise,  the longitudinal component of the satell i te orb i t  

and the t ravel  t ime of the satell i te a r e  the source of a positive slope 

in the direction of t rave l  of 0.0063 x lOI7  electrons pe r  degree.  

F o r  midday southgoing passes  the average slope is 

0.0112 x lOI7  e lectrons per  degree while the slope of e lectron content 

f r o m  southgoing passes  f r o m  0700 to  1000 is 0. 0264 x 1017 electrons 

per  degree.  When the east-west  effect is removed, the gradient 

becomes 0.47 instead of 0.58 and the slope reduces to  0.0201 x l O I 7  

electrons per degree.  

midday s Pope ~ 

This is a lmost  a f ac to r  of two higher than the 

During the five months observations,  sunr i se  was e a r l i e r  to  

A s  a the south along a given meridian in the northern hemisphere.  

resul t ,  f rom sunr i se  on, the ionosphere to  the south has  been 

exposed fo r  a longer period of t ime to the sun 's  ultraviolet  r ays  

which a r e  the source  of electron production. 

day, this becomes negligible, but immediately a f te r  sunr i se  a 

pronounced effect is expected; i. e .  , there  should be a la rge  n - s  

gradient which gradually levels  off to  the midday value. 

In the course  of the 

In Figure 8 there  a r e  curves  f r o m  four  pas ses  when sunr i se  

was a t  0722 EST f o r  40°N and 75OW. 

pass  right around sunr i se  when the ionosphere below 40 N has 

The gradient is l a rges t  fo r  the 

0 
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a l ready  been exposed to the sun and that above 40°N has not. 

the whole, the gradient dec reases  as expected. 

On 

During the end of December the difference between sunr i se  

t imes  a t  each end of a ten-degree satell i te pass  is thirty minutes. 

In the morning hours ,  this is equivalent to a difference of 

0 .0086  x 1017 electrons per  degree of latitude. 

morning slope was shown to be 0.0201 x 1017 electrons p e r  degree 

Since the average 

in the north-south direction,that par t  of the slope not contributed 

by the sunrise  difference is 0. 0115 x l O I 7  electrons per  degree.  

This i s  essentially equal to the average midday slope of 

0.0112 x l O I 7  electrons per  degree,  

5. Day- to-day Variation 

Day-to-day variations a r e  observed in total  e lectron content 

a s  well as  in the gradient. The variations a r e  believed to  be r e a l  

and not due to random experimental  e r r o r .  The usual  day-to-day 

variation is about 10% f r o m  the mean  but occasionally there  is a n  

extremely large variation; this is generally in the f o r m  of an  

increase in electron content. The cause of these variations m a y  be 

associated either with a variable e lectron production process  o r  

with the mechanisms of ionization removal  o r  t ransfer .  

The daily electron content a t  the station latitude is plotted 

in  F igures  9A and 9B for  two la rge  intervals  of t ime. In both 

graphs the value neares t  to  noon was used when there  were  two day- 

t ime values; the approximate t imes  a r e  shown. Below each curve 

is a plot of the planetary magnetic dis turbance index for  each 
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day. The upper curve c lear ly  shows the day-to-day variations;  

c a r e  must  be taken to  distinguish diurnal  f rom daily variations.  

The beginning of F igure  9B is in the late afternoon when the diurnal 

variation is rapid. Since the t imes of observation va ry  each day, 

daily variations a r e  inaccurate at those t imes  when the diurnal 

variation is large.  During the middle of the day, however, the 

observation t ime will not be as important. 

An attempt is made to correlate  variations in e lectron con- 

tent with magnetic activity as measured by the planetary magnetic 

index K 

day. 

This index is calculated fo r  eight 3-hour intervals  every  
P 

F igures  9A and 9B show no readily apparent correlat ion 

between the two quantities in question. This is in line with the 

resu l t s  of Ross 421) and Garr iot t (13)  who found no systematic  

dependence during the winter months although both Ross  and Lyon (16) 

have shown an  inverse  relationship during the s u m m e r  months. 

Individual passes  where the electron content has  undergone 

a l a r g e  variation f rom the mean o r  expected value a r e  now examined. 

The behavior of K 

discussed.  (Unless stated otherwise, Z K  will r e f e r  to the 24 

hours  before the pass ,  and all t imes will be in Eas t e rn  Standard 

fo r  the period preceding the pass  will then be 
P 

P 

Time. ) 

The first group of passes  are shown in Figure 10. A l l  but 

one of them have s teep  n-s  gradients and the magnitudes of the 

e lec t ron  content a r e  considerably higher than those of other days. 

Previous to the two November 15 passes ,  Z K  = 4-1/3  fo r  the 
P 
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period f r o m  1300on November 13 to 0700 on November 15. 

the value of K 

t imes of the passes  a t  1245 and 1429. 

1231 was a l so  preceded by a quiet period, but ea r l i e r  that day K 

went up to over 3. 

between 0700 and 1000 and K 

hours;  the pass  was two hours  later at 1513. 

was 105 minutes l a t e r  yielded normal resul ts .  

the se t  on Februa ry  23 a t  1415 w a s  character ized by K 

f r o m  1000-1300 and K 

been a sudden commencement  at 0600. The previous pass  at 1230 

showed an  electron content which was slightly higher than normal  

and a small s-n gradient. 

before attempting to draw any conclusions. 

Then 

immediately rose  to between 3 and 4 through the 
P 

The run of November 26 at 

P 
On February  6 there  was a sudden commencement  

went up to 4-2/3 for  the next th ree  

Another pass  which 

The final pass  of 

P 

= 4-1/3  
P 

= 4-2/3  f rom 1300-1600. Also there  had 
? 

Fur ther  s e t s  of resu l t s  will be examined 

In F igure  11 there  a r e  three ear ly  afternoon passes  whose 

magnitudes a r e  somewhat low f o r  that particular t ime of day. 

Preceding the November 25 pass,  Z K  

low. On the other hand, for  the November 30 pass  Z K  = 18, and 

Z K  There certainly cannot be 

any correlat ion infer red  f r o m  this s e t  of resul ts .  

= 1-1/3 which is extremely 
P 

P 
= 1 8  before the Februa ry  22 pass.  

P 

The electron content curves in F igure  12 a r e  slightly higher  

than usual  in magnitude with a substantial s -n  gradient. 

November 22 pass ,  

Similar ly ,  

F o r  the 

K = 11 -1 / 3  which i s  not an unusual value. 
P 

= 12-1/3 before the March 2 resul ts  and Z=K 
P P 

= 6-2/3, 
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a low value, before the March 9 pass.  Once again there  is no 

c l ea r  relationship to be found. 

The three  passes  shown in Fikure 13 have relatively s teep  

n - s  gradients although the magnitudes of their  e lectron contents a r e  

as expected. 

K 

the M a r c h 4  passes ,  Z K  

iKldex. 

The December 16 run at 0925 is character ized by 

F o r  being q u a l  to 5 - 1 / 3  during the period f r o m  0700-1000, 
P 

= 2 9 - 1 / 3  which is a relatively large 
P 

F i g u r e  14  shows passes  displaying unusual behavior a t  night. 

The edr ly  morning pass  on December 5 had a higher e lectron content 

than would be expected for  that t ime and was associated with a 

reldtively low value of Z K  

tit 0521,K 

1 1  2336 K 

h361 s t e e p  n - s  gradients. 

= 7'-2/3. P r i o r  to  the January 22  pass  

5 - 2 1 3  f r o m  0100 to 0400, and before the March 3 pass  

= 6 f rom 2208 to 0100 the next day. 

P 

P 

P 
Both of these curves  

9. seems as though there  might be an  association between the 

~ - P e c ' t r c ) ~  content and the magnetic activity. 

passes  having s teep n-s gradients,  K 

three  and six before each of these passes .  

which follow t imes  when K 

of the six p a s s e s  in this category showed e i ther  a higher e lectron 

content than usual O F  a reasonably s teep  gradient;  the other two 

had average resa l t s .  

F o r  both se t s  of afternoor, 

had r i s en  up to  between 
P 

Other daytime passes  

r i s e s  to over th ree  are examined. Four  
P 

Re-examining the nighttime resu l t s ,  it is noticed that the 

passes  with s t e e p  n-s  gradients were preceded by high values of 

K Checking b&ck through the ent i re  five months,  it is seen that 
P' 
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every t ime the value of K 
P 

gradient in the plot of the following nighttime pass .  

r i s e s  above five, there  is a s teep  n-s  

F o r  both the day and night t he re  is an association of 

magnetic activity with horizontal north-south gradients in the electron 

content. 

to  the south and/or  a decrease  to the north. 

f o r  magnetic disturbances increases  the temperature  of the upper 

This gradient is a r e s u l t  of an increase  in e lectron content 

If the agency responsible 

a tmosphere to  the north there  would be a corresponding increase  in 

the ver t ical  t ranspor t  of oxygen molecules.  This in  turn  would 

increase  the recombination rate ,  thereby causing a dec rease  in 

content to  the north. 
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VI. SUMMARY 

1. Conclusions 

Studies of the variation of the total  electron content of the 

ionosphere a t  mid-latitudes have been made  based on data taken a t  

University Pa rk ,  

1964 to  March 16, 1965. 

Pennsylvania (40. 8'N, 77. 9OW) f r o m  October 24, 

The S-66 Beacon Satellite has  been used 

for  a l l  observations, and the equipment used for  analysis has  been 

described. 

Values for B cos  8 sec  x were precomputed and the method 

of unambiguously determining the number of rotations of the plane 

of polarization of the 41 MHz signal has  been discussed. The total  

e lectron content was then calculated using this data,  with p re -  

cautionary measaree  being taken t,o keep the e r r o r  to a minimum. 

The horizontal gradients a r e  generally positive f r o m  north 

to south averaging 0. 1 per  degree a t  night, 0 .047  per  degree in the 

irrorr;-Engp and 0 . 0 1  per  degree during the day. Morning resu l t s  have 

been corrected for west-east  slopes result ing f r o m  the eas tward  

direction of the satell i te path and the t r ave l  t ime of the satel l i te  

f r o m  one end of the observed path to the other.  The contribution 

of an ear l ie r  sunr i se  in the south has  a l so  been determined. 

There was a large diurnal variation a s  expected with the 

rat io  of daytime rriaximum to nighttime minimum being between 

5 and 10 to  1. 

content occur slightly e a r l i e r  in the day and a r e  570 to  10% higher 

than those i n  November. 

In February ,  the maximum values of e lectron 

A comparison between electron content 
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resul ts  during periods of high and low so lar  activity showed that when 

the value of the so la r  flux index w a s  a factor of about three higher 

the electron content was l a r g e r  b y  a factor of about six. 

Day-to-day variations averaging about 10% were observed 

in the total  e lectron content. 

between the planetary magnetic disturbance index and the magnitude 

of the electron content. It was noted that following increases  in 

magnetic activity, there  were  increases  in the horizontal  north- 

south gradients fo r  both the day and the night. 

czntent to the north is believed to be the resu l t  of an  increase  in the 

recombination r a t e  at  higher latitudes ~ 

There was no systematic  dependence 

The decrease  of 

The locations of local minimums in e lectron content led to  

the observation of an  apparent trough just  to the south of the 

station ~ 

2. Suggestions fo r  Fur ther  Work 

The data presented here  were  observed over a five-month 

Seasonal effects  on the total e lectron content and its interval.  

horizontal  gradient cannot be  deduced until resu l t s  a r e  calculated 

f o r  the remaining seven months of the year.  

when there  is m o r e  magnetic activity, will a id  in determining a 

correlat ion with electron content. 

continuously over a period of years  to ascer ta in  the solar  cycle 

variation. 

Calculations at t imes  

Observations must  be made 

Dispersive doppler results should be computed and compared 

with F a r a d a y  rotation resul ts ;  this would be of use  in the 
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investigation of i r regular i t ies .  

the station should be verified by fur ther  studies. 

The possible trough to the south of 

An improvement in the determination of the mean ionosphere 

height at which to evaluate the geomagnetic field would increase  the 

accuracy of the Faraday  rotation method. 
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APPENDIX 

Experimental  Data 

The following tabulations of data l i s t  the more  important 

quantities derived f r o m  the satellite passes  which have been 

analyzed. 

to  when the satell i te c ros sed  the station latitude. 

F o r  each pass ,  a null was picked at the t ime closest  

The height of 

the satell i te is given a t  the t ime of this null, along with the 

latitude and longitude of the ionosphere point, which determines 

the location of the ver t ical  meter  square column f o r  which the 

electron content is calculated. 

chronological o rde r  with the following notation. 

The resul ts  a r e  given in 

DATE - date of r eco rd  in Eas t e rn  Standard Time 

TIME - time of the null in Eas t e rn  Standard Time 

HEIGHT - height of the satell i te in  K m  at TIME 

LONG - longitude of the m e t e r  square  column in degrees  

west 

LAT - latitude of the meter  square column in d e g r e e s  

north 

Ndh - electron content of the m e t e r  square  column s 
up to HEIGHT in units of 1 0 ’ ~  . 



DATE 

641024 
641026 
641026 
641027 
641029 
64103 1 
641 10 1 
641 102 
641104 
641 PO5 
641 PO5 
641 106 
641 106 
641 PO6 
641107 
641 187 
641 P O 8  
641 109 
641 109 
641110 
641110 
641111 
641111 
641912 
641 112 
641 113 
641113 
641113 
641114 

641 P 15 
641 115 
641116 
641 117 
641 118 
641 118 
641 119 
641119 
641 120 
641 120 
641 121 
641 121 
641 121 
641 I121 
641 122 
641 123 
641 123 
641 125 

641115 

TIME 

1640: 49 
1550:47 
1736: 10 
1617~53  
1712:51 
1622:45 

1717~45  
1627.27 
1509:45 
1655: 14 
0441: 26 
1 352: 54 
P 537: 24 
0323: 18 
0508: 02 
0341:08 
1330.03 
1514:28 
1357: 14 
1542: 14 
0328:08 
1424:31 
0355: 24 
1451: 54 
0238.04 
z 334: 33 
15 19.30 
1547: 08 
0332.34 
1244: 34 
1429: 24 
02  15: 10 
1339~05  
1222.03 
1406: 27 
0 P 52.47 
0337:54 
0219:45 
13 16:28 
0102.10 
0246:52 
1149:32 
1343: 5 1 
1226:41 
0 157: 26 
1253:56 
1203~47  

1505:129 
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HEIGHT 

906 
910 
912 
912 
919 
924 
927 
93 1 
937 
939 
942 
90 9 
946 
945 
908 
909 
906 
956 
954 
959 
960 
90 P 
963 
900 
967 
8 98 
972 
973 
978 
8 96 
988 
980 
8 95 
98 7 
993 
991 
8 94 
8 94 
8 93 

1000 
8 93 
8 93 

1007 
1004 
1009 
8 94 

1013 
1020 

LONG LA T 

76.07 
73.10 
81.66 
76. 30 
81. 90 
79.10 
73.59 
85. 93 
82.18 
76.79 
86. 17 
78. 34 
70.01 
79.36 
72.68 
81 .49  
75.81 
70.46 
79.54 
74. 25 
82.43 
76.01 
77.06 
78.81 
79.65 
73.00 
74.46 
82.56 
86. 58 
79.00 
71. 19 
79.74 
73.20 
77. 38 
71.39 
79. 92 
73.34 
81. 92 
76. 51 
77.51 
69.47 
79.39 
71.61 
80.03 
75.00 
76. 57 
77.62 
75.26 

40.87 
40.98 
40.29 
41. 10 
40.98 
40.88 
41.03 
41.05 
41.02 
41.12 
40.83 
41.30 
40.93 
40.86 
40.78 
40.60 
41.10 
41.11 
41.11 
41.03 
40.89 
40 .79  
40. 98 
40.67 
41.02 
40.97 
41.02 
40.96 
41.00 
40.55 
41.21 
40.85 
40.75 
41.06 
41.03 
41.13 
41.12 
41.45 
40.54 
41.02 
40.76 
40.27 
40.88 
41.07 
40.88 
40.97 
40.91 
41.09 

JNdh - 

0.851 
0 ,982  
0.  531 
0. 920 
0,647 
0.753 
1.079 
0. 711 
0.848 
1.022 
0.843 
0. 198 
0.878 
0.985 
0.154 
0.230 
0. 163 
0.972 
0.924 
0.913 
0.819 
0.240 
0.862 
0.159 
0.994 
0.218 
1.020 
0.893 
0.884 
0.172 
1.454 
1.416 
0.206 
0.940 
0.895 
0.950 
0.165 
0. 193 
0. 177 
0.940 
0.248 
0. 143 
0.878 
0.856 
1.050 
0.134 
0.976 
0.678 
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I 

DATE 

641 126 
641 127 
641 127 
641 128 
641 128 
641 129 
641 129 
641 130 
641 130 
641201 
641201 
641202 
641203 
641203 
64 P 204 
641204 
641205 
641205 
641205 
641206 
641206 
641206 
641207 
641207 
641207 
641207 
641208 
541209 
6G1209 
641210 
641210 
64121 P 
641212 
641213 
641213 
641214 
641214 
641215 
641215 
641215 
641216 
641216 
641217 
641218 
641218 
641219 
641219 

TIME 

1231:24 
1114:OZ 
1258: 31 
1141: 12 
1 3 2 6 ~ 0 7  
0112: 18 
1 208: 24 
1051: l l  
1234: 12 
0021:28 
P 303.41 
1 146: 12 
1028:43 
1213:37 
1056~03  
1240~45  
0026: 36 
1123.35 
2312:06 
1006:06 
B P50:45 
2337~07  
0120.35 
1033: 31 
1228: 18 
0003: 5 1 
1 l00:49 
0943.33 
1 P28:04 
0058~38  
115531  
P037:59 
1 105:31 
0947:52 
1 1 3 2 4 9  
10 15:30 
2200:43 
0858: 12 
1042: 58 
2228:38 
0925~23  
11 1 0 ~ 4 4  
0 952: 5 7 
0835:39 
1020:08 
0902: 58 
1048: 10 

HEIGHT 

1026 
1029 
1028 
1032 
1032 
90 2 

1035 
1040 
1047 
90 3 

1045 
1048 
1050 
105 1 
1053 
1053 
9 14 

1057 
938 

1060 
1059 
92 2 
916 

1063 
1063 

92 1 
1064 
1068 
BO67 

928 
1070 
1071 
1073 
1 075 
1075 
1077 

943 
1078 
1079 

950 
10’79 
1080 
1081 
1082 
PO81 
1082 
1083 

LONG LA T 

77.72 
72. 26 
80. 28 
75.42 
83. 25 
76.80 
77.97 
72. 62  
78. 73 
74. 17 
83. 37 
78.01 
72. 77 
80.48 
75. 71 
83. 54 
??. l ?  
78. 13 
67. 13 
73.00 
80.64 
74.37 
83.48 
75.84 
83.68 
77. 32 
78. 28 
73. 17 
80. 78 
83. 18 
83.86 
78.45 
80, 91 
76.25 
84.04 
78.55 
71. 72 
73.61 
81.03 
75.02 
76.36 
84. 19 
78.67 
73. 76 
81.21 
76.44 
84 .39  

40.80 
41.05 
41. 12  
41.03 
41.16 
41.29 
41.13 
41.23 
40.31 
40.58 
40.95 
40.74 
41.05 
40.78 
40.90 
41.28 
401 99 
40.73 
36.75 
41.03 
41.02 
41.76 
40.40 
40.80 
41.11 
40.95 
40.85 
40.93 
41.08 
41.26 
41.30 
41.04 
41.03 
41.14 
41.41 
40.91 
40.95 
41.00 
40.97 
41.30 
41.03 
40.86 
40.86 
40.92 
41.19 
40.84 
40.83 

r Ndh 
J -  

1.343 
0.913 
0.820 
0.868 
0. 932 
0.053 
0.873 
0.967 
0.653 
0.206 
0.875 
0.841 
0.758 
0.871 
0.782 
0.836 
0.388 
0.895 
0.067 
0.696 
0.742 
0.145 
0.112 
0.831 
0.894 
0.212 
0.853 
0.636 
0.750 
0.197 
0.902 
0.676 
0.636 
0.606 
0.884 
0.816 
0.187 
0.674 
0.768 
0.112 
0.741 
0.936 
0.709 
0.537 
0.733 
0. 712 
0.779 
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DATE 

641219 
641 220 
641 220 
642220 
641221 
641 22 1 
641222 
641222 
641222 
641 223 
641229 
54E223 
611230 
4 4 1 2 3 0  
641230 

641 23 B 
641231 
650101 
650POB 
650 E02 
650182 
650102 
630103 
65Gi05 
6450 104 
650 1104 
6 = l j r ( j 4  
650 165 
b 5 0  105 
6 5 0 3 ~ 6  
650106 
b 5 6  106 
t;sons;P 
65GP07 
650108 
650109 
650110 
6518110 
650111 
650112 
650 l12  
650112 
650115 
650113 
650113 
658193 

641231 

TIME 

2233~60 
0938:06 
21 15.31 
2259:43 
08 12~43 
0 95 ‘7 : 3 0 
0840:OS 
1025:35 
2211:25 
(4 90 7.42 
2007.  16 
2152.38 
0 704: 54 
085 0 :  14 
21;31: 36 
G 7 3  2 : 3 3 
0 91 7 :  24 
2 102: B 
08CD. 18 
P 944.9’ 
082 7:04 
2012:09 
2 15’7: 15  
8855:  12 
2040: 05 
0 737:  16 
1 922~04 
2i06t2P 
0s05:05 
I4CpC: 34 
8647: 27 
8832:07 
20 P 7: 54 
G17;4:47 
2044:51 
B 92%: 3 1 
1809:27 
0507: 12 
c534:25 
1904: 16 
061;2:23 
1746: 37 
P 932: 18 
0444: 2 4 
0 6 2 9 :  32 
18 E4:O5 
1 %9:02 

HEIGHT 

965 
1083 
968 
965 
1083 
YO83 
1084 
PO83 
98 5 
1883 
n 004 
1008 
1079 
PO77 
1008 
1076 
1077 
B O Y 4  
1075 
1018 
1074 
10211 
1024 
1069 
1029 
E069 
PO29 
1026 
1065 
PO39 
1063 
1064 
1042 
l06P 
P 044 
P 048 
1047 
10‘13 
E058 
3054 
9 044 
E055 
E059 
P 044 
P 842 
PO49 
BO60 

LONG 

77. 95 
78.84 
72.27 
80.83 
74.07 
81.37 
76.66 
84.62 
77.76 
78.94 
73.04 
80.83 
74.52 
81.81  
..86* CIP 
76 .97  
85. 35 
78.46 
79. 30 
73.27 
82.04 
76. 14 
84.25 
85. 64 
7’8.49 
79. 50 
73.51 
81.49 
82.19 
76. 11 
77.20 
85*94 
78. 50 
79.62 
81. 14 
76. 32 
70. 33 
71.88 
75.06 
76.59 
77.41 
70.63 
78.83 
73.08 
75.93 
74.12 
81.62 

40.89 
41-86 
41.12 
40.30 
41.21 
41.22 

40.83 
41.93 
40.88 
40.82 
41.24 
41. E4 
40.7l 
41.61 
46.88 
41.24 
40.87 
40.62 
41.00 
41.25 
40.80 
41.44 
40.81 
41.27 
40.88 
40.92 
40.34 
40.63 
41.78 
40.67 
41.34 
41.67 
40.75 
41.42 
41.38 
41.28 
41.19 
41.09 
40.82 
40.47 
41.02 

41.25 
40.74 
40.82 
40.93 

41. 08 

41.38 

0 .  1n2 
0.646 
0.187 
0. 140 
0.428 
0.579 
0.452 
0. 728 
0.1E3 
6.515 
0. 185 
0.163 
0.216 
0.384 
0 .  P8G 
0.252 
0.565 
0 .  E76 
0.304 
0. 191 
0.436 
0.365 
0 . 2 0 9  
0.420 
0.P35 
0.286 
0. 240 
0. 165 
0.327 
0. 198 
0.283 
0.397 
c .  145 
0.194 
0.257 
0.193 
0.376 
0.293 
0 . 1 9 9  
0.274 
8.088 
0.493 
0.268 
0.163 
0.149 
0.334 
0.203 



I 

DATE 

650 i 14 

650115 
650115 
650115 
650116 
650116 
650116 
650117 
6501 I 7  
650117 
650117 
650118 
650119 
650119 
650119 
650120 
650120 
650 120 
650121 
650121 
650121 
650122 
650 122 
650122 
650 122 
650123 
650123 
650123 
650123 
650124 

650 I 2 5  
650125 
650125 
650126 
650126 
650126 
650128 
650128 
650128 
650129 
650129 
650 130 
650131 
650131 
650131 

650 1 i 4  

650 124 

TIME 

05 11:58 
1842: 08 
0539: 0 9  
1724: 06 
1909: 15 
0606. 05 
1751: 27 
1937004 
0449: 27 
0634: 19  
18  19; 04 
2003:04 
1846:48 
0359: 27 
0544: 59 
1914:52 
0426: 34 
0 6 1 1 ~ 5 6  
1756.34 
0453: 16 
1638: 38 
1 8 2 3 ~ 5 2  
0336:52 
0521 0 02 
1706: 22 
185 1 : 26 
0403: 37 
0549: 28 
1733 .49  
1918: 17 
0 4 3 2 ~ 0 5  
1616:03 
0458.33 
1644" 00 
1828.30 
0340.41 
0526 .27  
171 1.22 
0436: 19  
1621: 20 
1805.55 
0318:13 
1 6 4 8 ~ 5 8  
1531:lO 
0229.04 
0413.20 
1 5 5 8 ~ 4 4  

- 63 - 

HEIGHT 

1039 
1065 
1037 
1064 
1066 
1036 
1066 
1070 
1027 
PO27 
1070 
1067 
1073 
1019 
1014 
1078 
1017 
1013 
1077 
1016 
1077 
1078 
1007 
101 1 
1079 
1080 
1006 
1000 
1080 
1080 

996 
1081 

997 
1083 
1082 

996 
98 9 

1083 
982 

1083 
1084 

98 2 
1084 
1084 

968 
97 1 

1084 

LONG 

7 5 . 1 1  
76. 65  
77 .67  
70. 91 
79 .06  
80. 22 
74, 31 
8 1 . 4 9  
75 .20  
83 ,  09 
7 6 , 8 8  
85 .  8 2  
79. 15 
72. 20 
80. 18 
8 1 . 4 7  
13.4i 
83. 34 
76. 99 
78. 10 
71 .44  
79. 36 
72 .29  
80.  52 
7 4 . 6 4  
81. 94 
75.. 63 
83.  61 
77, 15 
8 5 . 8 7  
7 7 , 9 4  
71,  67 
8 0 ;  68 
74. 78 
82 .  24 
7 5 , 8 3  
8 3 - 8 9  
77 .  24 
8 0 . 8 1  
74. 93 
8 2 . 3 9  
7 5 . 8 8  
7 7 . 3 3  
7 3 . 0 8  
7 2 . 5 5  
8 1 . 0 5  
7 5 . 0 8  

-c 

L A  T 

40 ,  91 
4 1 . 2 6  
4 1 . 0 0  
41 .  12 
4 1 , 0 2  
4 1 . 5 1  
4 0 , 8 0  
4 1 , 5 5  
4 0 , 7 9  
40 .  90 
4 0 , 8 7  
4 0 . 5 1  
4 1 , 1 7  
4 0 . 9 5  
4 0 . 0 4  
4 1 . 9 4  
110.99 
4 0 , 6 2  
4 0 . 9 7  
4 1 . 5 5  
4 0 , 8 6  
40 .90  
4 0 . 8 5  
4 1 . 2 8  
4 0 . 9 3  
4 1 . 2 3  
4 1 . 2 5  
4 0 . 4 3  
4 0 . 8 6  
4 1 . 0 5  
4 0 , 1 7  
4 0 . 8 7  
4 1 . 1 2  
41 ,  15 
4 0 . 9 5  
4 1 , 5 0  
4 0 , 8 2  
4 1 . 0 1  
4 0 , 6 9  
41. 10 
4 1 . 0 1  
4 1 . 2 9  
4 1 . 1 9  
41 .20  
4 0 . 5 6  
4 1 . 0 1  
41. 11 

e N d h  
J -  

0 . 1 4 9  
0. 165 
0, 198 
0 . 2 8 9  
0 .  188 
0 ,  165 
0 , 3 6 3  
0 , 2 2 4  
0 , 2 2 1  
0 ,  165 
0 . 3 7 1  
0 , 3 2 6  
0. 191 
0 . 2 2 7  
0 . 2 0 3  
0. 188 
0 . 2 0 0  
0 .159  
0 . 3 5 6  
0 .  182 
0 . 6 7 3  
0 . 4 0 4  
0 ,  157 
0 . 2 2 1  
0 . 5 7 4  
0 .282  
0 . 2 2 5  
0 . 2 0 0  
0 , 4 6 2  
0 , 2 6 7  
0 . 0 9 4  
0 ,  643 
0 ,  116 
O s  601 
0 , 3 4 3  
0. 141 
0. 216 
0 , 5 4 9  
0 . 1 7 1  
0 . 8 9 5  
0 .640  
0 .  160 
0 . 6 6 2  
0. 776 
0 .  138 
0 . 1 5 9  
0 .870  



- 64 - 

DATE 

650131 
65020 P 
65020 1 
650201 
650202 
650202 
650202 
650203 
650203 
650203 
6502G4 
6 5 0 ~ 0 4  
65G204 
658205 
652205 
650205 
650206 
650206 
650206 
b58206 
55G207 
650206 
650268 
65G209  
6 5 0 2 0 9  
65021 0 
o502B 0 
65021 1 
(35021 B 
658212 
65021 2 
65022 2 
658212 
b 5 C l 1 3  
650214 
650214 
65021 4 
650214 
650215 
650225 
650215 
653216 
650217 
6502 I 7  
658217 
650218 
650298 

T PME 

1743:26 
0255~26  
1625~50 
1818-06 
(19 38:48 
0323~26 
1653: 15 
03.50: 18 
1536:ll  
1 720: 28 
0417Z53 
1 60 3 z 0 ’9 

1 749~02  
0309: 11 
1 445 : 5 6 
163 1.82 
0143~32  
0327350 
B5133:26 
9 6 3 8 ~ 3 9  
1546: 50 
1423: 22 
1608:13 
1450:53 
1655: 14 
OI4b.85 
1 5  E$: 24 
1408.24 
;545:34 
005 7:40 
0 242 :4P 
1428: I15 
1612~42 
1455: 40 
0151.59 
1337.48 
1522: 55  
G 0 3 5 : 02 
0220: I 1  
1405:25 
1550.13 
9 432.47 
0 1 2 9 ~ 5 1  
a 3 15.29 
P 500: Ob 
0012:22 
0 157: 2 n 

HEIGHT 

1 084 
970 

1084 
1084 

96 1 
96 2 

11083 
96 P 

BO82 
1082 

95 6 
E081 
P 080 

948 
1080 
PO79 
94 5 
94 8 

1079 
1078 
1076 
1075 
BO75 
10’73 
1074 

93 2 
IO70 
1069 
PO68 

92 7 
926 

1056 
1067 
1063 

92 3 
BO62 
YO61 
917 
916 

€059 

1056 
912 

IC53 
1063 

510 
90 9 

10118 

LONG 

82.51 
76.04 
77.56 
86.08 
68.57 
78.46 
79.95 
81.29 
75.21 
82.86 
84.88 
77.  70 
85. 94 
78.51 
42.46 
79.98 
72. 92 
81.46 
75.37 
82. 91 
7’7‘. 76 
72.61 
80.18 
75.49 
83.26 
76. 17 
77.81 
72.80 
EO. 3 4  
730 42 
81.84 
75.62 
83.43 
78 .02  
79. 18 
72. 95 
80.51 
73.52 
82. 03 
75. 78 
83e 60 
78.22 
79-  23 
73.07 
80. 74 
73.64 
82.27 

LA T 

41.14 
41.38 
40.75 
41.83 
41.11 
40.74 
40.82 
41.37 
41.16 
40.85 
41.47 
40.69 
42.45 
40 .30  
41.21 
41.17 
40.69 
41.14 
41.03 
41. 14 
40.96 
41.22 
41.03 
41. 10 
40.90 
40.63 
41. 13 
40.88 
41.01 
41.13 
40.88 
41. BO 
41.01 
41.05 
41.37 
40.89 
41.02 
41.02 
40 .63  
40.91 
41.17 
40.83 
40. 7’8 
49.17 
40. 66 
40.95 
40 .95  

S N d h  - 

0.657 
0.230 
0.606 
0.525 
0.331 
0.189 
0.627 
0.174 
01.757 
0.641 
0.157 
8 .911  
0.721 
0.306 
0.925 
0.684 
i). 196 
0. 106 
1.113 
0.  ’7668 
8.886 
0.785 
1.025 
1.027 
0.834 
0.199 
0.997 
0.981 
0.847 
0. E57 
0.125 
0.801 
0.792 
0.975 
0 .102  
E .  088 
0.867 
0.265 
0.154 
0.935 
0.891 
0.847 
6.142 
0.853 
0 .870  
0. r54 
0.153 



t 

- 65 - 

.DATE .- 

650218 
650219 
65021 9 
650220 
650220 
650220 
650220 
650221 
650221 
650221 
650222 
650222 
650223 
650223 
650224 
650224 
650224 
650225 
650227 
650227 
650228 
650228 
65031 1 
65030 1 

6503G2 
650302 
650303 
650304 
650304 
650304 
650305 
650306 

650301 

650307 
650307 
650307 
650307 

650309 

650308 
650308 

650309 
650309 
650310 
650310 
650310 
650311 
650311 

TIME 

1342:47 
0039:21 
1410: 1 P 
0106:52 
1252.46 
1437.47 
2349:06 
0 1 3 4 ~ 2 4  
1320.02 
1 604: 54 
0017: 16 
1347:41 
1229~58  
1414357 
0 109: 58 
0257.34 
1442.05 
1324:49 
1234:47 
2331~31 
1196:57 
1302:09 
1144.46 
1329.26 
2241 :41 
1212:09 
1356~44  
2335,50 
1122:06 
1306:52 
2218.44 
1149: 36 
1217,OP 
1059: 15 
1244: 02 
2155:54 
2340.34 
P P26:59 
2222;37 
1009.08 
1154:PP 
2106:35 
10363 38 
1221:31 
2133~06  
1104.04 
1248 : 29 

HEIGHT 

1050 
90 9 

1046 
90 6 

1043 
1042 
90 5 
90 3 

1040 
1039 
900 

11034 
1032 
1031 
90 3 

PO27 
1028 
1024 
1015 
8 94 

10 14 
1012 
1008 
1008 
893 

1003 
1004 
893 
9 95 
996 
893 
99 1 
98 6 
984 
98 4 
8 94 
8 95 
977 
896 
975 
9 74 
8 98 
971 
970 
8 98 
966 
968 

LONG 

75. 91 
76. 76 
78. 34 
79.43 
73.21 
80.80 
74. 04 
82.49 
76.05 
84, 11 
76. 70 
78.43 
73.36 
81.04 
83.08 
76. 13 
84.49 
78.62 
76.28 
77.07 
69.88 
78.76 
73.60 
81.50 
74. 15 
76.40 
85. 10 
80.07 
73. 72 
81.65 
74.41 
76.49 
79.00 
73.86 
81.92 
74.61 
83.52 
76,60 
77.67 
70.31 
78.72 
70.63 
73.97 
82.06 
74.81 
76. 77 
86 .24  

LA T 

40.92 
41.19 
40.08 
41.04 
41.12 
41.17 
41.52 
41.03 
40.82 
41.20 
40.51 
41 ,02  
40.97 
41.03 
43.10 
41.00 
41.07 
40.85 
40.88 
40.78 
40.92 
40.86 
41.08 
40.88 
40.58 
40,92 
41.10 
41.14 
41.09 
41.02 
40.80 
40.99 
41.09 
40.91 
40.89 
40.88 
41.22 
41. 13 
41.47 
41, 15 
40. 95 
40. 16 
40. 98 
41.09 
70.94 
40. 92 
40.96 

1.100 
0. 151 
1.052 
0. 163 
1.083 
0.944 
0. 124 
0. 142 
0.994 
0,712 
0.098 
0. 764 
1.225 
P .  328 
0 .  131 
0. 950 
0.991 
0 . 8 7 5  
0.969 
0. 158 
0.788 
0.999 
1.095 
1.205 
0.218 
1,088 
1.231 
0.347 
0. 960 
0.883 
0.237 
1.077 
1.005 
1.139 
1. 113 
0.210 
0. 141 
0.964 
0.201 
1.035 
1.256 
0.312 
0.  907 
0.983 
0.264 
0.742 
0. 941 



DA TE 

65031 1 
650312 
650312 
650312 
650313 
650313 
650313 
650314 
650314 
65031 5 
650315 
650316 

TIME 

- 66 - 

HEIGHT LONG LA T 

2 2 8 0 ~ 3 8  
1132:32 
2043:03 
2227: 28 
1013:53 
1158:42 
21 BO:34 
1041: 14 
2137: 23 
0923: 3 1 
1 l08:46 
1 135:49 

90 0 
96 1 
90 1 
90 0 
95 9 
95 9 
90 3 
95 5 
90 5 
952 
9 58 
948 

77 .61  
79 .33  
71 .44  
80.  5 4  
74 .10  
83. 34 
74. 90 
76. 92 
77 .94  
70 .62  
79.50 
8 2 . 6 5  

4 0 . 6 6  
4 1 . 0 1  
41.11 
4 1 . 2 9  
4 0 . 9 4  
4 0 . 9 8  
4 0 . 6 9  
40 .80  
41.19 
4 0 . 8 6  
4 0 . 9 7  
40 .82  

. 

I N &  - 

0 . 2 3 1  
0 . 8 2 6  
0 .360  
0 .241  
0.  901 
1 .230  
0 .357  
0 .965  
0 . 4 0 1  
0 . 7 7 5  
0 .785  
0 . 8 7 3  
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